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ABSTRACT 


Two  types  of  novel  physical  systems  are  examined  as  possible  IR 
filters.  To  observe  a small,  hot  COj  source  against  a cooler  but 
strong  background  of  CC^  emission,  the  background  must  be  exceedingly 
uniform.  An  optically  thick  filter  of  CC^  can  turn  a variable  back- 
ground into  a uniform  one,  while  still  transmitting  the  hot  signal  at 
high  rotational  lines. 

At  the  IR  absorption  edge  of  semiconductors,  the  index  of  refrac- 
tion could  theoretically  (for  the  proper  materials)  exhibit  abrupt 
variations  with  wavelength.  If  a material  had  a specified  index  of 
refraction  only  within  a narrow  wavelength  band,  it  could  serve  as  an 
effective  filter  for  that  band.  Examination  of  the  qualities  of  real 
semiconductors  does  not,  however,  hold  promise  for  their  use  in  devel- 
oping finely  tuned  adjustable  filters. 
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I INTRODUCTION 


A variety  of  scientific  and  technological  applications  would  be 
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served  by  a very  narrow  band-pass  IR  filter  (10  to  10  p)  with  an 
adjustable  window.  Usually  devices  which  satisfy  such  criteria  do  so 
only  for  extremely  well  collimated  incident  beams  and  tend  to  fail  when 
a large  incident  angular  aperture  (~  45°)  is  required. 


The  DARPA  program  for  filters  is,  at  present,  being  actively  nego- 
tiated with  contractors,  and  we  have  not  been  privy  to  details  of  any 
contemplated  devices.  A survey  briefing  indicated  that  there  is  still 
a major  gap  between  what  is  presently  achievable  and  what  is  desired. 

We  have,  as  far  as  we  know,  looked  only  at  some  possibilities  quite  dif- 
ferent from  those  presently  considered  by  DARPA  contractors  and  have  no 
reason  to  believe  that  such  possibilities  are  more  promising  or  even 
competitive. 


Ideally  a filter  would  be  composed  of  a particular  material  which 
allows  only  a desired  spectral  interval  to  pass  through  from  many  inci- 
dent directions,  and  in  which  the  window  could  be  moved  by  varying  an 
external  parameter  such  as  magnetic  field  or  pressure,  or,  in  the  case 
of  a gaseous  or  liquid  path  material,  even  by  varying  the  filter  com- 
position . 


We  have  looked  at  two  types  of  physical  systems  for  their  potential 
applications  to  IR  filters: 
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1.  When  the  incident  radiation  is  from,  say,  a distant  hot  C02 
gaseous  source,  atmospheric  (200-300°K)  CC>2  will  blanket  most 
of  its  spectral  emission  except  for  that  associated  with  the 
highest  rotational  lines.  For  example,  at  a "line  width"  half- 
way between  two  adjacent  line  centers,  J * 10  has  an  overhead 
optical  thickness  of  300  above  30  km  whereas  J = 70  has  an 
opacity  of  only  .07.  Nevertheless,  J * 70  will  appear  in  emis- 
sion outside  the  atmosphere,  since  the  total  optical  thickness 
above  ground  is  about  10.  Cold  gaseous  C02  in  a filter  can 
effectively  absorb  atmospheric  C02  fundamental  radiation,  and 
allow  to  pass  the  vibrational  overtones  and  the  very  highly 
rotationally  excited  part  of  the  fundamental  from  a hot  source 
while  emitting  little  of  its  own.  This  "filter"  appears  to 
have  potential  use  in  some  cases  in  which  the  background  needs 
to  be  made  highly  uniform. 

2.  In  principle,  insulators  with  narrow  energy  gaps  between  the 
valence  and  conduction  bands  (semiconductors)  can  have  the  fol- 
lowing properties: 

• The  IR  absorption  edge  has  an  energy  determined  by  alloy 
composition. 

• Coulomb  attraction  between  a conduction  electron  and  a val- 
ence hole  gives  the  absorbed  edge  a structure  similar  to 
that  of  photoelectric  emission  in  atoms:  absorption  lines 
below  the  continuum  and  a continuum  beginning  with  finite 
photon  absorptivity. 
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• A rapidly  varying  and  potentially  large  real  part  for  the 
index  of  refraction  of  such  matter  very  close  to  an  absorp- 
tion line  or  edge  lf^  impurities  and  imperfections  could  be 
suppressed  enough  to  keep  the  line  widths  extremely  small  at 
low  temperatures. 

• A small  effective  mass  (m*)  which  makes  the  edge  structure 
sensitive  to  variations  in  an  externally  applied  magnetic 
field. 

If  matter  could  be  made  in  which  an  index  of  refraction  approached 
a particular  value  only  within  a narrow  wavelength  window,  then  an  opti- 
cal system  may  be  designed  in  which  only  that  wavelength  is  transmitted 
and  focused.  Critical  reflection,  for  example,  could  perhaps  be  made  an 
effective  reflector  for  all  radiation  not  in  the  window.  Even  making  a 
of  such  matter  could  defocus  and  diffuse  over  the  focal  plane  all 
we  radiation  except  that  from  point  sources  at  the  chosen  window 
wavelength. 

"Normal  specimens"  of  semiconductors  have  sufficiently  broadened 
"fundamental  edge"  structure  that  the  observed  averaged  index  of  refrac- 
tion does  not  exhibit  the  large  variations  which  are  theoretically  pos- 
sible, and  this  makes  present  prospects  for  such  filters  pessimistic. 

Even  ideally,  temperatures  of  several  degrees  would  be  needed  and  the 
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window  would  be  much  less  than  10  eV  wide. 


3 


II  THEORETICAL  SEMICONDUCTOR  REFRACTION  INDICES 


NEAR  THE  "FUNDAMENTAL  EDGE" 

The  rapidly  varying  index  of  refraction  of  a gas  in  the  neighborhood 

of  visible  atomic  absorption  line  might  be  the  basis  for  a filter  with  a 

window  in  that  region.  In  the  near  IR  region  where  molecular  vibrations 

rather  than  electron  transitions  determine  the  fundamental  frequencies, 

such  refraction  index  effects  are  very  greatly  reduced  because  of  the 

large  nuclear  masses  involved.  Secondly,  despite  the  large  variety  of 

possible  molecules  and  isotopes,  they  do  not  really  give  "adjustable" 
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relevant  wavelengths  on  the  scale  of  10  to  10  p or  the  possibility  of 
very  rapidly  changing  the  filter  window.  Electrons  in  semiconductors 
might  conceivably  contribute  large  index  of  refraction  variations  at 
fairly  arbitrarily  chosen  wavelengths  because  of  the  very  small  electron 
mass  (and  even  smaller  "effective  mass"),  high  electron  density,  and 
sensitivity  of  parameters  to  composition  and  external  fields. 

A.  Refraction  Near  Idealized  Edge 

A typical  measured  "fundamental  absorption"  edge  for  "direct" 
photon  absorption  is  given  in  Figure  1 where 

a ■ ~ Im  n (1) 

relates  the  absorptivity  to  the  imaginary  part  of  the  index  of  refraction. 

3 -1 

For  hv  ■ 0.3  eV,  ohv  - 2 • 10  cm  eV,  X - 4p,  and  Im  n - 0.4.  The  vari- 
ation of  the  real  part  of  the  index  of  refraction  in  the  neighborhood  of 
the  edge  is  given  by  the  usual  Kramers-Kronig  relation 
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(2) 


j & 


2P  f Im  n(to  ) ,.  , , 

R£  n - 1 = — / — x x 0)  do> 

TT  / *2  2 

* u>  - 0) 

If  R£  n is  required  to  vary  by  several  tenths  over  a wavelength  interval 

_3 

AX  ~ several  *10  p at,  say,  X « 4p,  then  Equation  (2)  implies  that  the 
"fundamental  edge"  must  be  almost  precisely  at  a photon  energy  correspond- 
ing to  X “ 4p  and  it  must  have  resolvable  structure  in  it  in  which 
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Aim  n ^ several  • 10  over  an  interval  AX  several  *10  p.  The  sen- 
sitivity of  the  edge  energy  to  composition  is  suggested  by  Figure  2 which 
gives  the  transition  probability  for  lifting  electrons  from  the  valence 
band  to  the  conduction  band  as  a function  of  photon  energy  and  semicon- 
ductor composition.  Transmission  curves  measured  at  much  higher  tempera- 
tures are  given  in  Figure  3.  In  both  cases  it  is  apparent  that  the 

measured  material  does  not  have  a vertical  absorption  edge  on  the  scale 

_3 

of  AX  - several  *10  p.  We  turn  next  to  a consideration  of  the  shape 
of  the  fundamental  absorption  edge  and  of  the  related  RR.  n,  if  all  impuri- 
ties, lattice  defects,  carriers  and  phonons  (T  ~ 0°K)  were  absent  and  the 
ideal  theoretical  shape  was  achievable. 

The  theoretical  absorptivity  for  a valence-conduction  band  trans- 
ition for  which  no  phonon  is  needed  for  momentum  conservation  ("direct" 
transition)  is 
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where  m is  the  valence,  conduction  band  "effective  mass,"  E the  gap 
v,c  g 

energy,  e the  photon  polarization,  m the  free  electron  mass,  no  the  index 
of  refraction,  <c|p^|v>  the  matrix  element  of  the  momentum  operator 
between  the  valence  and  conduction  bands,  and  w = 2irv.  For  w ~ 10^  s \ 

i + —8  * 

no  ' 3’  mv,c  “ 10~  m>  <c  1^12 ' */ao’  ao  ' 10  cm’ 


a - 3 
o 


104(1  - Eg/w)15  cm"1 


(4) 


This  w-dependence  of  the  gap  edge  is  well  fitted  to  the  measured  InSb  edge 
data  in  Fig.  1. 


For  the  absorptive  part  of  the  refraction  index  of  Eq.  (4),  with 


ln15  -1 
a)  - 10  s . 


Rl  n - 1 


(5) 


. _ -hw 

with  x = — 

g 


f (x)  = x-2[2  - ( 1 + x)1*  - (1  - x)h  0(1  - x)]  , (6) 


and  the  step  function  0(y)  = 1 for  y > 0 and  0 for  y < 0. 

The  singular  part  of  R£  n at  the  absorption  edge  is  given  by  the  cusp  of 
f(x)  shown  in  Fig.  4.  The  magnitude  and  width  of  the  cusp  do  not  give 
very  gT.eat  variat-ons  in  RJl  n even  close  to  the  cusp.  Equations 


6 


f 


_u 

(5)  and  (6)  give  d/dx  RJt  n ~ *s(l-x)  , Fig.  4 shows  that  the  total 
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variations  in  Ri  n is  less  than  0.2  and  ARfc  n between  say  1 and  2 • 10  y 

_2 

of  the  edge  is  only  10 


B,  Effects  of  Electron-Hole  Coulomb  Interaction 

The  idealized  absorption  edge  has  a much  changed  structure  when 
coulomb  attraction  between  a conduction  band  electron  and  the  hole  it 
left  in  the  valence  band  is  included.  The  hole-electron  pair  inter- 
action can  form  loosely  bound  hydrogen-like  structures  (excitons)  which 
give  discrete  absorption  lines  just  below  the  continuum  and  a finite 
absorption  at  the  continuum  edge.  (These  effects  may  be  most  apparent 
when  there  are  sufficiently  few  free  carriers  that  the  hole-electron 
attraction  is  unscreened.)  The  continuum  absorption  edge  of  Eq.  (3) 
is  multiplied  by  the  factor 


2^(110  - Eg)15 


1 - exp 


przy 

v5- -e8/ 


(7) 


where 


* 4 

m e 

_ 2*2 
2tc 


k is  the  dielectric  constant, 


and 


-T  = - + - 
* m in 

m v c 


(8) 


(9) 
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Then  the  absorption  edge  of  Eq.  (A)  would  begin  with  the  jump 


a - 3 • 104  ZiKR/Eg)** 


at  -Ku  ■ E . For  a typical  semiconductor  with  a near  IR-gap  and 
© 


m - ,03m,  k - 15  , 


R - several  • 10  eV 


Therefore  a at  the  fundamental  edge  - 10*  cm-1.  In  addition,  below  the 
edge,  there  is  a hydrogen-like  spectrum  of  absorption  lines  from  bound 
electron-hole  pairs  with  binding  energy 


E - - — 
B a 2 
n 


n * 1,2,  ... 


The  oscillator  strengths  for  photon  absorption  resulting  in  the  creation 
of  such  lines  is  proportional  to  the  probability  that  the  electron  and 
hole  (exclton)  ara  found  with  zero  separation,  i.e.. 


*3  6 
m e 

•3  6 3 
irn  -ft  k 


* 


For  m /m  ~ .03  and  k - 15  this  oscillator  strength  is  hugely  suppressed 
below  its  value  for  an  optical  electron  transition.  When  averaged  over 
absorption  lines  the  a from  the  discrete  absorption  lines  merges  contin- 
uously into  the  continuum  absorption  edge.  Typical  measured  a near  the 
absorption  edge,  including  exciton  creation,  is  shown  in  Fig.  5.  The 
discrete  exciton  peaks  are  not  resolved.  If  we  approximate  this 
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unresolved  structure  as  a single  exciton  line  R - 3 • 10  eV  below  the 


continuum  edge  with 


fa  de  ~ 104  cm-1  . 3 • 10  3 eV 


a - (£-“)  104  cm'1 


beyond  the  edge,  up  to,  say  .fiu  = ~2eV,  then 


TTP  n 1 R C • 104  cm'1  , 2c  ,.4  -1  . “l  ~ “ 

R* n 1 irjr'cfZr  - e + r)  + izr  * 10  cm  ln 

8 8 8 g 


The  qualitative  behavior  of  the  R£  n is  sketched  in  Fig.  6.  The  approxi- 
mations leading  to  Eq.  (13)  certainly  exaggerate  the  possible  variation 
of  R*.  n very  close  to  the  absorption  edge. 
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a)  - 5 • 10  s corresponding  to  A ~ 4p, 

o o 


9 


RK.  n - 1 ~ 


0.2R 


(fiw  - E + R) 

g 


+ 0.4  In 


“l 

- 0) 

0) 

o 

- 0) 

(14) 


Thus  to  get  a rapid  change  in  Ri.  n of  order  unity,  one  must  get  within  an 
energy  R/5  of  the  ground  exciton  state  (which  also  has  the  greatest  oscil- 
lator strength).  The  continuum  singularity,  if  treated  correctly,  would 
merge  with  the  infinite  number  of  excited  loosely  bound  exciton  states 

for  which  it  is  the  asymptote.  Therefore  large  changes  in  R i n are  not 
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realizable  when  linewidths  exceed  R/5  - 5 • 10  eV. 


Lowering  the  temperature  both  shifts  the  absorption  edge  by  changing 

the  lattice  spacing  and  sharpens  the  exciton  peak  as  in  Fig.  5.  Impurity 
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reduction  reduced  the  width  to  several  • 10  eV  in  Fig.  7 where 
_4  o 

kT  = 2 • 10  eV.  At  T - 30  K thermal  broadening  from  phonon  emission 
and  absorption  are  probably  sufficient  to  keep  ARi.  n from  having  sharp 
variations.  Even  at  T = 0°K  broadening  comes  from  phonon  emission  which 
can  accompany  photon  absorption,  impurities,  lattice  defects,  varied 
crystal  orientations  when  m*  is  a tensor,  etc. 

In  principle  long  relaxation  times  are  achievable:  the  original 
cyclotron  resonance  detection  by  Dressehhaus,  Kip,  and  Kittel  in  Ge  at 
4°K  had  electron  and  hole  t - 5 • 10  ^ sec  corresponding  to  6E  = fi/t  - 


10"5  eV. 


C.  Effect  of  External  Magnetic  Fields 


Considerable  fine  structure  and  frequency  shifting  can  be  introduced 
into  an  absorption  edge  by  an  external  magnetic  field.  Instead  of  the 
form  of  Eqs.  (3)  and  (4)  for  a direct  allowed  transition. 


a = A(fia>  - E )"*  , 
0 g 


the  imposition  of  a field  B gives 


aB  = A 2 


5 * V'  1 

0)  > 1 

C 4^(0)  - U>  ) 


where 


* eB 

“c  = ~ 
m c 


u = E + (n  + *s)u>  . 

n g c 


* -2 

For  the  small  possible  electron  effective  mass  m ~ 10  m in  InSb 


' *>(io4) 
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with  B in  Gauss  and  u>^  - 5 • 10  s . Then  the  singular  part  of 


R*.  n - 1 near  the  absorption  edge,  and  with  the  parameters  that  were 

D 

used  in  obtaining  Eq.  (5),  is  given  by 


R*  nB 


1 - 


^--^9(1  - w/a>n) 


2’3u>  - w/w  ) 

g n n 


(19) 


When  averaged  over  frequency  intervals  large  compared  to  Eq.  (19) 

should  reduce  to  the  cusp  part  of  Eqs.  (5)  and  (6).  Since  w /w  S 1/30 

g 

4 

for  B < 10  B,  An^  of  order  unity  may,  in  principle,  be  obtained  only  for 

-4 

u)  within  several  • 10  of  one  of  the  resonance  frequencies.  This 

-4 

again  means  needed  widths  in  the  near  IR  of  several  • 10  eV  or  less. 

-2 

If  a filter  were  based  on  the  edge  fine  structure,  shifts  • 10  p could 

3 

be  achieved  with  AB  ~ 10  G. 


D.  Edge  Structure  in  Large  Fields 

In  real  matter  the  edge  fine  structure  generally  involves  both  the 
magnetic  field  and  the  electron-hole  interactions.  Measurements  for 
transmittance  by  thin  Ge  films  by  Swerdling,  Lax,  Roth,  and  Button  are 
displayed  in  Fig.  8.  If  these  data  are  interpreted  in  terms  of  absorp- 
tion only — ignoring  surface  reflection — then  the  linewidth  of  about 

_3 

10  eV  or  greater  for  both  the  exciton  lines  and  the  Landau  transition 
lines  of  Eq.  (16)  would  again  preclude  very  large  variations  in  R1  n for 
these  samples  in  this  region. 


Coulomb  attraction  between  holes  and  conduction  electrons  dominates 
the  Lorentz  force  from  an  external  magnetic  field  for  B sufficiently 
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small  that 


t 


or 


(20) 


(21) 


* 3 

In  this  sense,  C data  with  m - .031,  < = 16,  Bo  ~ 16  • 10  G do  not 

Involve  "supers1-.^  " B >>  B . The  edge  structure  consists  of  bound 

o 

excitons  recognizeu  at  B * 0 and  the  Landau  quasicontinuum  transitions 

of  Eq.  (16)  which  respond  differently  to  varying  B.  But  for,  say,  InSb 
3 

with  B - 4 • 10  G and  X - 4p,  stronger  fields  would  begin  qualitatively 

8 

to  change  the  bound  exciton  absorption  lines.  The  binding  energy  of  the 
ground  state  exciton  increases 


Eb  - R ln2(aB/p) 


(22) 


and  1 4>(0)  | 2 


of  Eq. 


(12)  increases  proportionally  to 


This  will  similarly  increase  R?.  n and  Im  n at  the  absorption  line.  But 
3 

for  B < 15  • 10  G these  changes  do  not  appear  qualitatively  important. 
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In  conclusion,  we  have  not  succeeded  in  exhibiting  a reasonable 
parameter  regime  for  real  semiconductors  which  supports  their  fundamental 
absorption  edge  as  an  especially  promising  frequency  region  for  the  con- 


r 


struction  of  finely  tuned  adjustable  filters. 


Ill  FILTERING  BY  RESONANCE  ABSORPTION  (U) 


From  outside  the  atmosphere  we  wish  to  detect  the  presence  of  a jet 
engine  at,  say,  9 km  altitude  from  its  CO  2 emission  in  the  (antisymmet- 
rical,  linear  vibration)  band  centered  at  4.3  my.  The  field  of  view  of 
the  detector  is  large  enough  that  the  background  radiation  at  the  detec- 
tor is  very  much  greater  than  that  of  the  source.  The  background  varies 
with  time  and  position  owing  to  real  variations  in  the  atmosphere. 

The  filter  placed  in  front  of  the  optics  consists  of  pure  CC^  at,  say, 
10  atmospheric  pressure  and  T ~ 250°K,  with  a thickness  of  a few  centi- 
meters. Such  a filter  is  essentially  an  additional  layer  of  natural  atmo- 
sphere. (The  vapor  pressure  for  condensation  of  CO^  at  250°K  is  about 

20  2 

20  atm.)  The  thickness  of  CO  2 is  3 x 10  molecules/cm  per  cm  of  thick- 

21  2 

ness,  whereas  that  of  the  atmosphere  is  6 x 10  molecules/cm  . 

Thus  the  filter  absorbs  all  the  natural  background  radiation  and 
thermally  emits  the  same  radiation  into  the  detector.  The  only  advantage 
provided  by  the  arrangement  is  the  assurance  of  a uniform  background 
of  emission  from  the  controlled-environment  filter,  even  though  the 
terrestrial  background  is  uneven. 

Over  regions  of  low  J in  the  fundamental,  the  atmosphere  and  the 
filter  are  opaque  everywhere  and  the  radiation  is  essentially  continuous 
and  given  by  the  Planck  distribution. 
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The  absorption  coefficient  is 


kv  <J>  - 


f(J) 


N S a. 


(Av)2  + 


L -1 
cm  , 


(23) 


where  the  fraction  absorbing  in  the  R branch  from  the  Jth  rotational 
level  is 


f(j)  = J exp  [-Bhc  J (J  + l)/kT] 


(24) 


Here  V is  wavenumber  in  cm  1,  the  damping  constant  at  STP  is  = .064  cm-1, 
the  band  strength  is  S = 10  ^ cm,  the  rotational  constant  of  the  lower 
state  is  B = 0.3895  cm  \ and  the  partition  function  is  Z = kT/2Bhc.  The 
line  spacing  is  0.78  cm  ^ near  the  band  origin. 


The  local  emission  when  collisions  keep  the  populations  near  those 
for  thermodynamic  equilibrium  is  k^B,  where  B^  is  the  Planck  function. 
Hence  C02  emits  into  space  at  the  rate 


/ ~lc  s 

Xv  * J kv  0v  e V ds  " 3 
o 


(25) 


where  the  approximate  equality  holds  for  constant  temperature  through  an 
optically  thick  emitting  region.  Thus  the  lines  near  the  peak  J will  emit 
nearly  uniformly  across  the  entire  separation  between  adjacent  lines  and 
will  appear  as  black-body  radiation  at  250°K. 
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At  J > 60  the  emission  is  not  uniformly  optically  thick.  The  atmo- 
spheric CO2  will  then  radiate  to  the  cosmic  cold  with  an  effective  line 
with  characteristic  of  one-half  the  surface  pressure.  The  filter  will 
still  be  effective  in  absorbing  this  emission,  especially  since  the  self- 
broadening of  CO^  is  2.2  times  as  effective  as  line  broadening  by  N2  - C02 
collisions. 

The  spectrum  of  a hot  (250°K)  source  will  be  qualitatively  different. 
First  the  "hot  bands"  (i.e.,  the  2-1,  3-2  etc.  overtime  bands)  will  be 
excited,  and  second  the  super  position  of  lines  at  high  J near  the  band 
head  causes  the  head  to  appear  as  a sharp  peak. 

The  R-branch  band  head  of  the  fundamental  v~  (1-0;  V = 2350  cm  ^) 

j o 

occurs  at  50  cm  ^ higher  than  the  band  origin  and  will  not  be  obscured 
by  the  filter.  The  head  of  the  first  hot  band  (2-1;  Vq  = 2325  cm  ^) 
occurs  near  J *■  40  of  the  fundamental,  and  it  will  be  largely  occulted 
by  the  filter  (and,  indeed,  by  the  atmosphere  itself).  The  3-2;  = 

2300  cm  band  head  occurs  near  the  origin  of  the  fundamental  and 
will  also  be  partially  occulted. 

Thus  this  filter  arrangement,  if  sufficiently  thick  to  provide  a 
uniform  background  source  has  the  distinct  disadvantage  of  hindering 
observations  in  the  sharp  band  heads  of  the  hot  bands.  Its  sole  advan- 
tage would  appear  to  be  one  of  providing  a sufficiently  uniform  background 


s. 
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by  maintaining  the  filter  at  a uniform  temperature,  that  discrimination 
techniques  could  pick  out  a fluctuation  as  arising  from  hot  emission  in 
the  band  head  of  the  fundamental. 

We  conclude,  therefore,  with  the  suggestion  that  more  accurate  cal- 
culations be  made  (on  the  basis  of  expected  parameters  for  the  hot  source, 
the  field  of  view,  etc.)  of  the  signal/background  ratio,  where  the 
signal  is  the  emission  at  J > 60.  The  effectiveness  of  the  filter  will 
depend  in  part  on  whether  the  source  is  strong  enough  to  be  optically 
thick  in  the  far  damping  wings,  since  line  separation  is  much  greater 
than  the  line  width  (except  near  the  band  head)  for  the  optically  thin 
case. 
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Figure  2 SPECTRAL  RESPONSE  OF  InGaSb  FOR  VARIOUS  FACTIONS  OF  InSb 


(After  Wrobel  end  Levinstein,  1967) 
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Figure  3 TRANSMISSION  CURVES  FOR  VARIOUS 
COMPOSITIONS  OF  THE  In  Ga  Sb  SYSTEM 
(Wrobel  and  Levi nt tern,  1867) 
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Figure  5 THE  CONTINUUM  EXCITON  PEAK  AT  THE  ONSET  OF  DIRECT  TRANSITIONS  IS  SHOWN  FOR  GALLIUM  ARSENIDE. 
THE  MEASUREMENTS  ARE  FOR  TEMPERATURES  OF  294  K (O),  180  K (D),  90  K (A),  AND  21  K (OHSturge  (19621.) 
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